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Abstract 
The building sector is a large consumer of the world’s energy and is responsible for 40% of the European Union’s 
(EU) total final energy consumption. The most effective and efficient method to reduce energy consumption of 
buildings is to retrofit existing buildings with more energy efficient facilities. This paper presents a multi-objective 
optimization model for building envelope retrofit planning which aims at maximizing energy savings and economic 
benefits with given investment budget. It also takes thermal comfort and life-cycle impact into consideration. Results 
from application to the retrofit planning of a 70 years old family house show that energy consumption can be reduced 
effectively by the presented model. 
  
© 2015 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
Keywords: Building envelope retrofit; energy efficiency; life-cycle cost. 
1. Introduction 
Energy consumed by buildings accounts for a large proportion (about 32%) of the global energy use 
[1]. In particular, about 50% of the total energy consumption in a general building is dissipated through 
its envelope. According to [2], building retrofit is not a necessarily better, but more feasible and economic 
way to save energy than constructing new green buildings. Therefore, building envelope retrofit is a 
priority measure to reduce energy demand and improve energy efficiency, especially for old buildings. 
However, research on building envelope retrofit is scarce and the optimal retrofit plan is not easy to 
make because there are many complex factors (energy consumption, comfort, investment cost, 
environment impact and so on) to be taken into consideration. [3] presents a methodology to find out  the 
solution with optimal performance in terms of energy saving and environment conservation in complex 
buildings.  [4] evaluates the life-cycle energy demand of buildings with different envelopes in India. The 
results show that the life-cycle energy saving is much more with insulation materials added to external 
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wall and roof. A multi-objective optimization model for building envelope retrofit is presented in a more 
recent paper [5]. The objective therein is to minimize the building’s energy consumption while striking 
the best balance between stakeholders’ benefits and occupants’ requirements. Though a “static” analysis 
such as those in [5] is important, it is noted that the materials’ performance decay with time, and 
economic factors, such as life-cycle cost, net present value (NPV) and payback period are key issues for a 
decision maker in practical projects for their long term sustainability. 
This paper builds on the study of [5] by presenting a multi-objective optimization model for building 
envelope retrofit planning. In addition, a solar panel power supply system is taken into consideration in 
Nomenclature 
 
iX  orientation coefficient for different facade  
iU   window thermal transmission(W/m
2Ԩ) 
winA   windows surface area(m
2) 
wallA  exterior wall surface area(m
2) 
roofA  roof surface area(m
2) 
jO  thermal conductivity of external wall 
 insulation material(W/mԨ) 
kO   thermal conductivity of roof insulation 
 material(W/mԨ) 
jd   thickness of the external wall insulation(m) 
kd   thickness of the roof insulation(m) 
DD   Degree-Days(Ԩ/day) <   linear heat flux transmission(W/mԨ) 
B  floor or wall interior linear in contact with 
 soil or thermal bridge interior length(m) 
ACH  air changes per hour(h−1) 
pA  net floor area(m
2) 
dP   floor to ceiling height(m) 
southG  average solar energy that reaches a south 
 oriented vertical surface(kWh/m2month) 
extBLC building load coefficient(W/Ԩ) 
extQ   heat loss through zones in contact with 
 outdoor(kWh/year) 
enuQ   heat loss through zones in contact with 
 non-useful spaces(kWh/year) 
guQ  useful heat gains(kWh/year) 
U   thermal transmission coefficient in non-
 useful  space(W/m2Ԩ) 
M   heating season duration(months) 
ptQ  heat loss through linear thermal bridges 
 (kWh/year) 
vQ   heat loss due to fresh air flow(kWh/year) 
 
 K  heat gains utilization factor 
iq   internal gains(W/m
2) 
2A   building envelope of non-heated spaces(m
2) 
eA   glazing solar radiation collector area  
mT  outdoor temperature in cooling season(Ԩ) D  solar radiation absorption coefficient 
rI  solar radiation intensity(W/m
2) 
1Q   heat gain through envelope(kWh/year) 
2Q  heat transfer due to infiltration(kWh/year) 
3Q   internal heat gains(kWh/year) 
aK   DHW system efficiency 
AQSM  average daily reference consumption 
dn  number of days with DHW  consumption 
pv
lK   efficiency of solar panels type l  
tK   power output rate of solar panel at year t  
solarA   Area of the solar panel(m
2)  
pvI   solar irradiation on solar panel(W/m
2year) 
win
iC   cost of window  type i ($/m2)                
wall
jC  cost of wall insulation material type j ($/m2)   
roof
kC  cost of roof insulation material type k ($/m
2)   
solar
lC  cost of solar panels type l ($/m
2)                
NPV  net present value($) 
( )ES t  energy savings at year t (kWh) 
T   T  years after retrofitting  
ES  energy savings in a time period [0,T](kWh) 
d  discount rate 
( )p t  electricity price at time t($/kWh) 
preE  energy used before retrofitting(kWh) 
postE  energy used after retrofitting(kWh)  
pT   payback period(month) 
effA  effective area used to install solar panels(m
2) 
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this study. The model presented aims at maximizing energy savings and economic benefits with a specific 
investment budget. 
The reminder of the paper consists of three parts. Section 2 gives the formulation of the multi-
objective optimization problem. Section 3 provides the results and analysis of a case study. Section 4 
draws conclusions and discusses future research. 
2. Problem formulation 
2.1. Decision variables 
A building envelope retrofit plan includes a set of retrofit actions. In this study, the retrofit plan 
determines the retrofit actions for the building envelope which consists of four components: windows, 
external wall insulation materials, roof insulation materials and solar panels.  
Assume that there are I, J, K, L alternatives of the four components, respectively; and winix is a decision 
variable to represent whether the i th type of windows is chosen for retrofitting, i.e., when 0,winix   it is 
not, while when 1,winix  it is retrofitted. So are ,walljx roofkx and .solarlx They are decision variables to 
represent whether the j th type of the external wall insulation materials, the k th type of the roof insulation 
materials are retrofitted and whether the l th type of the solar panels is installed; solarA is another decision 
variable to represent the area of the solar panels installed. The decision variable of this problem is then 
denoted as 1 1 1 1 1 1( , , ) ( , , , , , , , , ,, , , )
win win wall wall roof roof solar solar
I J K L I J K L solarAX X X x x x x x x x x        . 
2.2. Model analysis 
     To save energy for a building, the main electricity consuming processes, including space heating, 
cooling and hot water supply, must be taken into account. A solar panel power supply system is also 
included in this study to further reduce energy drawn from utilities and its corresponding cost.  
The energy need for space heating icQ is calculated by using the following equations [6]: 
 ,ic ext enu pt v guQ Q Q Q Q Q       (2.1)
  0.024 ,ext extQ DD BLC     (2.2) 
 20.024 ,enuQ DD U A      (2.3) 
 0.024 ,ptQ DD B  <   (2.4) 
 0.024 (0.34 ) ,v p dQ ACH A P DD        (2.5) 
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1
[(0.72 ) ( )],
I
win
gu P i south i e i i
i
Q A M q M G X A xK
 
         ¦   (2.6) 
 
1 1 1
/ ( / ) / ( / ),
I J K
win wall roof
ext win i i wall j j j roof k k k
i j k
BLC A U x A x d A x dO O
   
     ¦ ¦ ¦   (2.7) 
where the mathematical notations are described in the nomenclature. 
The energy need for space cooling vcQ is calculated by [6] 
 1 2 3(1 ) ( ),vc guQ Q Q Q QK        (2.8) 
 1 2.928 ( 25) [( / 25)],ext m ext rQ BLC BLC IT D         (2.9) 
 2 2.928 (0.34 ) ( 25),p d mQ ACH A P T         (2.10) 
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 3 2.928 .p iQ A q     (2.11) 
The energy need for water heating acQ is calculated by [6]:  
 0.081 ./ac AQS d aQ M n K     (2.12) 
Different from the model presented in [5], a solar panel power supply system, instead of a solar water 
heater, and its performance decay with time is taken into account in this study. The energy produced by 
installed solar panel solarQ is calculated by the following equations [7]: 
 
1
,
L
solar pv
solar l l solar pv t
l
Q x A IK K
 
    ¦   (2.13) 
 0.007 ( 1) 0.98   {1,2 , }.t t t TK           (2.14) 
The equation (2.14) gives the power output decay rate of the solar panel in the i th year. As the 
performance decay of windows, wall insulation materials and roof insulation materials are much slower 
than that of solar panels, only solar panels’ performance decay with time is considered. In addition to that, 
the performance of a solar panel will also be affected by material degradation that needs maintenance 
attention. But this is not taken into account in this study because it is related to maintenance plan instead 
of the retrofitting plan. 
Given that the objective of this study is to maximize energy savings and economic benefits by the 
retrofit plan, energy savings, payback period and net present value are taken as the deciding factors and 
built into the cost function. The payback period is defined as the time point after which the NPV becomes 
non-negative. The values of the other two factors in T years are calculated with the discount rate d by [2] 
 
1
( ) ( ) / (1 ) ,
T
t
t
NPV ES t p t d Cost
 
   ¦   (2.15) 
 
1 1
( ) ( ),
T T
pre post ic vc ac solar
t t
ES E E ES t Q Q Q Q
  
    ' ' ' ¦ ¦   (2.16) 
where icQ' ( ,  vc acQ Q' ' ) is the difference of energy need for heating (cooling, water heating, respectively) 
before and after the retrofitting. 
Compared with [5], the above factors, such as NPV, payback period are added and the total cost for 
retrofitting the building is calculated by equation (2.17), in which the cost of the solar panel is added. 
 
1 1 1 1
.
I J K L
win win wall wall roof roof solar solar
win i i wall j j roof k k solar l l
i j k l
Cost A C x A C x A C x A C x
    
       ¦ ¦ ¦ ¦   (2.17) 
The multi-objective optimization problem in this study can be transformed into a minimization 
problem with a weighted sum objective function given by: 
 1 2 3 ,pJ ES NPV TO O O         (2.18) 
where 1 2 3, ,O O O  are positive weights. The values of ,ES NPV and pT are normalised with respect to their 
base case in the optimization process. Economic and physical constraints of the problem are defined as 
follows: 
 Cost Investment ,, solar effA Ad d    (2.19) 
 
1 1 1
1, 1, 1, 1, {0,1}, {1,2 , }.
I I J I J K I J K L
m m m m m
m m I m I J m I J K
X X X X X m I J K L
     
        
          ¦ ¦ ¦ ¦   (2.20) 
Inequalities (2.19) means that retrofitting cost should be less than the investment and the area of solar 
panel installed should be less than the effective area which can be used.  Equations in (2.10) means only 
one alternative of each component can be chosen for the retrofitting. 
3. Case study 
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The existing building under study is a family house with a ground floor and a basement, facing south-
east. It has been 69 years since it was constructed. The house’s gross floor area is 97m2. The glazing area 
is 9.7 m2 (5.66 m2 facing North, 0 m2 facing East, 2.43 m2 facing South and 1.62 m2 facing West). The 
walls have no thermal insulation and the windows are single glazing with wood frames. In this study, the 
evaluation period T is 10 years. The discount rate in NPV calculation is 9%, which is recommended in 
South Africa [2]. The discount rate of the electricity price is considered constant during the evaluation 
period, which is 8% according to the 2014 Eskom (South Africa’s largest utility) notification. Part of the 
parameters in the models, such as heating season duration, solar radiation intensity for each orientation, 
degree-days can be found in the regulation of characteristics of thermal behavior in buildings based on 
ISO-13790 [8] and are omitted here due to space limit. 
Windows, external walls and roofs are considered to be retrofitted and solar panels are considered to 
be installed. There are 5 types of windows, 13 types of external wall insulation materials, 10 types of roof 
insulation materials and 7 types of solar panels. Part of their information is listed in Tables 1-4 due to 
space limit. 
Table 1. Detailed information of windows 
N Type Thermal transm- Effective solar energy Cost ($/m2) 
ittance (W/mԨ) Transmittance (%) 
1 Single glazing, typical glazing 5.1 0.85 43.91 
2 2bl  glazing, without thermal break, 2.8 0.75 50.79 
uncoated air-filled metallic frame 4-12-4 
3 2bl glazing, low-e window (with thermal break), 1.6 0.62 71.79 
coated air-filled metallic frame 4-12-4 NEUTRALUX 
Table 2. Detailed information of wall insulation materials 
N Type  Thickness (m) Conductivity (W/mԨ) Cost ($/m2) 
2 Glass wool 0.05 0.038 16.32 
3 EPS(expanded polystyren) 0.03 0.036 9.84 
9 Sprayed polyurethane 0.02 0.042 8.23 
10 Cork 0.01 0.040 3.93 
Table 3. Detailed information of roof insulation materials                                      Table 4. Detailed information of solar panels 
N Type  Thickness 
(m) 
Conductivi-
ty (W/mԨ) 
Cost 
($/m2) 
 N Type  Efficiency Cost 
($/m2) 
1 Sprayed polyurethane 0.020 0.042 8.23  1 STP255-20/WD 15.7% 184.56 
2 EPS(expanded polystyren) 0.030 0.033 5.57  3 YL265C-30B 16.3% 193.46 
8 XPS(extruded polystyren) 0.040 0.034 15.00  4 CS6X-300P 15.6% 151.19 
9 Stone wool  0.065 0.037 31.78  5 HSL60P6-240B 14.8% 145.35 
The multi-objective optimization problem is solved by the OPTI toolbox provided for MATLAB with 
its built in algorithm for mixed integer nonlinear programming problems. The results are presented in 
Tables 5-6. 
Table 5. Performances of the optimized solutions with different budget 
Investment ($) Cost ($) Energy savings (kWh) NPV ($) Payback period(month) Solar panel area (m2) 
2000 2000 200476 22371 10 4.13 
3000 3000 229796 24937 13 10.75 
4000 4000 259118 27503 15 17.36 
5000 5000 288437 30069 17 23.97 
Table 6. Comparison of results obtained with different weights 
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1O  2O  3O  Cost ($) Energy Savings (kWh) NPV ($) Payback Period (month) Solar panel area (m2) 
0.8 0.6 0.1 3000 229796 24937 13 10.75 
0.8 0.6 10 2500 215140 23654 11 5.99 
 The results show the corresponding performances after applying the optimal solution which is to 
retrofit the existing building with the first type of windows, the tenth type of wall insulation materials, the 
first type of roof insulation materials and the fourth type of solar panels. It is observed that the optimal 
retrofitting plan is not simply to go for the cheapest options.  
Table 5 illustrates the influence of various investments. It is shown that energy savings, NPV, payback 
period and the area of installed solar panel keep increasing as the investment grows. Table 6 illustrates the 
influence of various tuning weights. For instance, the energy savings, NPV, retrofit cost and the area of 
installed solar panel keep decreasing as the weight of the payback period increases.  Table 5 shows that 
the results of this retrofitting plan is much better than that in [5] as the percentage of energy savings is up 
to 91.2% with cost of $5000 while the percentage of energy savings is 80.7% with cost of $5901. 
4. Conclusion 
In this study, an optimal building envelope retrofit plan for existing buildings is investigated. This 
planning strategy is formulated as a multi-objective optimization problem and solved in MATLAB. 
Energy savings, life-cycle cost, NPV and payback period, as important indicators for a project developer, 
are taken into consideration in the model. Results of the model shows that a compromised solution strikes 
for the balance between energy savings and economic benefits can be achieved for a given investment 
budget. A family house is studied to demonstrate the effects of the model. The results show that up to 
288.44 MWh energy can be saved in 10 years with the maximum payback period of 17 months.  
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